The two-photon spectrum of the 2 1 A g Á 1 1 A g transition in trans-stilbene has been calculated at the complete active space self-consistent ®eld (CASSCF) level of theory. Energies were obtained at the complete active space second-order perturbation (CASPT2) level of theory, while the geometries of both the initial and ®nal states were optimized at the CASSCF level. The energy and the geometry optimizations were performed using an active space of 14 electrons in 14 active º orbitals. The vibrational frequencies of both states and the two-photon transition (TPT) cross-section were calculated with a smaller active space where the two lowest º orbitals were kept inactive. A newly implemented algorithm, in the quantum chemical package Molcas was used to determine the two-photon transition intensity. This method requires only the linear response of the CASSCF wavefunction. Furthermore, the vibronic structure of this TPT was studied. The Franck±Condon factors were obtained by calculating the overlap between the vibrational states involved, which were determined from the force ®elds of both the initial and ®nal states, at the CASSCF level of theory. The results are in agreement with experiment.
Introduction
Two-photon transitions (TPT) become important between states with a dipole-forbidden one-photon transition (OPT). Although most molecules have small TPT moments, a complete assignment of a molecular spectrum requires that they are considered. Twophoton transitions have attracted much attention [1±4] over recent years because of their appealing technical qualities. They occur at half the excitation energy compared with the corresponding OPT. Thus, the wavelength of the incident light is longer, which enhances penetration in an absorbing medium. Furthermore, the second-order dependence on the intensity of the radiation o ers a possibility to induce a photochemical reaction at a desired location in an absorbing medium with great spatial accuracy. Because of these attractive properties, the work on ®nding molecules with high two-photon absorption cross-sections has been emphasized.
Stilbene, with its large º conjugated system, possesses structural characteristics that usually indicate large twophoton absorption (TPA) cross-sections [2] . Accordingly, a rather large TPT cross-section of 12 £ 10 ¡50 cm 4 s was determined experimentally in 1979 by Anderson et al. [5] . The experiment involved a single frequency of 38 873 cm ¡1 , which was known to be in the proximity of a TP absorption, rather than scanning a range of frequencies. Thus, their measurement should be taken as a minimum estimate of the true TPT absorption maximum of a band around this frequency. In a later study, Hohlneicher et al. [6] scanned the frequency range 30 000±50 000 cm ¡1 and found three TP bands with maxima at approximatel y 33 000, 38 500 and 41 000 cm ¡1 . Based on a comparison with CASPT2 calculations by Molina et al. [7] , these bands were all assigned to totally symmetric transitions from the ground state. It should be interesting to con®rm theoretically the proposed assignment of the ®rst band in the TPA spectrum (termed a), to the 2 1 A g Á 1 1 A g transition [6] .
Vibronic spectra can be assessed theoretically by quantum chemical methods, provided force ®elds and transition moments are available from electronic structure calculations. The trans-stilbene TPT cross-section of the 2 1 A g Á 1 1 A g transition has been subjected to theoretical studies, employing INDO-MRD-CI (inter-mediate neglect of di erential overlap multi reference double con®guration interaction) [1] and time dependent Hartree±Fock (TD-HF) [8] calculations. An accurate theoretical description of the electronic spectroscopy of trans-stilbene requires a multicon®gurational treatment. In the present paper, geometries, force ®elds and transition intensities were obtained at the CASSCF level of theory, with CASPT2 corrections for the total energies. A relatively new method [9] was used for evaluating the Franck±Condon factors. Such a sequence of quantum mechanical calculations has previously been used to reproduce the symmetry forbidden vibronic bands in benzene [10] , in excellent agreement with the experimental spectra. Virtually the same technique could be used for two-photon transitions, with the electronic dipole moment replaced by the two-photon transition moment. This study assesses the TPT crosssection at the CASSCF level through a newly developed method [11] that requires only the linear response of a CASSCF wavefunction.
Methods

Computationa l details
Complete active space (CAS) SCF [12] calculations were performed with the Molcas-5 quantum chemical software package [13] . The calculations used C 2h symmetry and an ANO-S [14] one-particle basis set [C.ANO-S 3s2p1d/H.ANO-S 2s1p]. The selection of the active space is a crucial step in a CASSCF calculation. Stilbene has 14 valence º orbitals (14/14) , and the preferred active space should have 14 electrons in 14 orbitals, resulting in 1 380 920 con®gurations. Such calculations were used in the geometry optimization, but not to compute force constants or TPT amplitudes. For the latter, we used 10 electrons in 12 active º orbitals (10/12) with 85 092 con®gurations. From the previous study by Molina et al. [7] , we concluded that this active space would be su cient.
The geometries of the 1 1 A g and 2
1
A g states were optimized with analytical ®rst derivatives [15] using the (10/12) and the (14/14) active spaces. The 10/12-CASSCF harmonic frequencies (10/12 frequency calculation at the 10/12 optimized geometry), for both the 1 1 A g and the 2 1 A g states, were computed by the method of Bernhardsson et al. [16] . This implementation evaluates the ®rst and second integral derivatives and then solves the linear response equations for the CASSCF orbital and CI parameters by the preconditioned conjugate gradient method. Because the linear response has to be computed for each of the 78 Cartesian nuclear coordinates, only the smaller 10/12 active space was used.
The Franck±Condon factors
The Franck±Condon factors, together with the electronic transition moment, determine the intensity of vibronic transitions. In the Born±Oppenheimer approximation, the vibronic wavefunction ª ¾0 is a product of the vibrational wave function ¿ ¾0 …Q † with an adiabatic electronic wavefunction Á 0 …Q; q †.
where Q is a vector of nuclear coordinates and q denotes the electronic coordinates. The probability per unit time for a transition between the ground state j0i and an electronically excited state jmi is determined by the matrix elements T 0m of an appropriate transition operatorT T . For OPT, the lowest order contribution results from the transition dipole moment with elements M 0m ¬ …Q †, where ¬ signi®es a cartesian coordinate. For TPT, it is instead determined by the elements of the TPT tensor S 0m ¬ …Q; ! 1 ; ! 2 †, which depend also on the frequencies of the two exciting photons.
The transition matrix element of a vibronic TPT, from the vibrational state ¾ 0 of electronic state j0 > to the vibrational state ¾ 00 of the electronic state jm >, is given by
when expanded around a nuclear position QˆQ 0 , through zero order. For good precision, Q 0 should be in the centre of the region where the integrand is large [10] . The integral is obtained by a new approach for computing general Franck±Condon factors [9] . The vibrational wavefunctions were computed in the harmonic approximation, with equilibrium geometries and force constants from the 10/12 CASSCF calculations. The method also de®nes an optimal expansion centre Q 0 where, ideally, the TPT tensor elements should be computed. Since in this case the electronic calculations were lengthy and preceded the vibrational analysis, we used instead the tensor computed for the ground state geometry.
2.3. Two-photon transition rate constants and cross-sections The TPT rate constant and the TPT cross-sections are second-order counterparts of the oscillator strength. The electronic structure information required in the evaluation of these quantities is computed by a new theoretical approach. The two-photon transition is regarded as an OPT, described by the transition dipole moment, where one of the states involved is perturbed by a time dependent perturbation from the other photon [11] . The calculations involve evaluating the time dependent linear response of the CASSCF wavefunctions of both the initial and ®nal electronic states, plus a complete active space state interaction (CASSI) [17] calculation, to obtain the TPT tensor elements, S 0m ¬ …! †. The result thus computed is a ected by an erroneous contribution of amplitude from the ¡! part of the time dependent response (see [11] ), which also causes an asymmetry in the TPT tensor (S 0m
Furthermore, within this method the perturbing frequency ! is not well de®ned. However, it does not vary strongly around half the CASSCF energy di erence between the involved states, which therefore was used in the calculation. The nuclear coordinates for the evaluation of the TPT tensor element Q 0 (subsection 2.2) were chosen to be the computed for the equilibrium structure of the CASSCF (10/12) calculation. For comparison with experiment, the TPT tensor has to be rotationally averaged, as described by Monson et al. [18] . To accomplish this rotational averaging, all electronic structure information is collected in the scalar¯T P :¯T
S ¬¬ S =30;
For an isotropic sample and linearly polarized light the coe cients F; G and H are all equal to 2. Once¯T P is available it is multiplied by a set of constants to yield either the TPT rate constant, K 0!m , or the TPT crosssection, ¼ 0!m . [4] , G is set to 0:1 eV3 :6749 £ 10 ¡3 and g…! † assumed to be constant and equal to one. In order to obtain the TPT rate constant of the vibronic transitions, the electronic TPT rate constant should be combined with the FC factors (See equation 2). Table 1 reports the optimal bond distances and angles of the 1 1 A g and 2 1 A g states of trans-stilbene, obtained with the 10/12 and 14/14 active spaces. The 10/12 active space gives a slightly shorter value for the C4ÐC5 bond of the ground state than the 14/14 active space, while the geometry of the 2 1 A g state is virtually una ected by the enlargement of the active space. The structure and the numbering of atoms is shown in ®gure 1. The 10/12 harmonic frequencies for the two states are presented in tables 2±5. These frequencies are used to calculate the force ®eld required in the evaluation of the vibrational states. The lowest a u mode corresponding to a skeletal torsion is predicted at an imaginary frequency of i10 cm ¡1 . This indicates a possibility of non-planar of trans-stilbene in the ground state. We thus distorted the molecule from planarity by rotating it along the C1ÐC2 bond, and we found a minimum corresponding to a 108 rotational angle (¿ in ®gure 1), which is less than 10 cm ¡1 lower in energy than the planar structure. We neglected this small deviation and considered the planar structure as a true minimum. The di erence between the CASPT2 energies of the 1 1 A g and 2 1 A g states was 4.08 eV (adiabatic) and 4.11 eV (vertical). The very small di erence of 0.03 eV is remarkable, and is due to a large di erence in computed dynamic correlation in the two geometries. This Figure 2 displays the theoretical Franck±Condon spectrum for the two-photon transition. We calculated this spectrum using both the 10/12 and 14/14 structures and the results are virtually identical, in spite of the discrepancy in the C4ÐC5 distance. The adiabatic energy di erence was taken to be 4.08 eV, based on the CASPT2 results. The value does not signi®cantly a ect the computed spectrum, except for shifting the energy scale. The spectrum has been broadened by convolution with a Lorentzian curve with width 0.05 eV, to make its appearance similar to that of Hohlneicher's spectrum [6] , which has been copied into the ®gure. The experimental spectrum was measured at liquid nitrogen temperature, which makes it safe to neglect hot bands in the calculation (the lowest a g frequency is only 215 cm ¡1 ). The most prominent peaks are due to the long ¾ 7 progression of stretching the CÐC bond connecting the two phenyl rings and its combination bands with any of the modes ¾ 19 , ¾ 21 , and ¾ 22 , which have comparable frequencies. At higher energies, the theoretical spectrum levels o towards zero. This is an artefact caused by limiting the spectrum to such lines, where at most three vibrational quanta were excited. In reality, the ¾ 7 progresses further, and has also several combination modes.
Results and Discussion
The elements of the TPT tensor were calculated around half the CASSCF(10/12) energy di erence of 0.1006 au, at the geometry of the optimized ground . However, this frequency is not at the absorption maximum of band b in Hohlneicher's spectrum. Furthermore, the relative intensity of band a and band b is approximatel y a factor of four and thus, the TPT cross section of band a is estimated to be at least 3 £ 10 ¡50 cm 4 s. Our result is in reasonable agreement with experiment, considering the lack of dynamic correlation. However, the uncertainty is large in this kind of calculation, and it is desirable to get the force ®eld from a 14/14 active space, with a larger one-particle basis set. Also, the variation in the TPT moment with geometry should be studied.
The FC intensities in ®gure 2 should be scaled by this TPT moment to yield the total intensities. This treatment assumes that the TPT moment does not vary strongly in the Franck±Condon region.
Conclusion
A theoretical two-photon spectrum of the 2 1 A g Á 1 1 A g transition in trans-stilbene has been determined. This study is the ®rst application of a newly developed algorithm that calculates two-photon transition intensities. The intensity determined with this approach is in agreement with experiment, as is also a previous study using HF time dependent perturbation theory. However, in contrast to earlier methods, we avoid secondorder response calculations. A simulated spectrum using the Franck±Condon approximation reproduces the experimentally observed features, and this con®rms Hohlneicher's assignment of band a (see [6] ) to the 2 1 A g Á 1 1 A g transition.
